INTRODUCTION {#sec1-1}
============

Immune cells and bone cells have common site of origin i.e. bone marrow. Due to this approximity, they not only influence the genesis, maturation and activation but their functions also. It has been identified that various cytokines and signaling transducers participate in regulatory mechanism between immune and bone cells.

Bones are dynamic, viable, highly organised living tissue and is main constituent of musculoskeletal system. Though the main function of bones is to protect the internal structures and to provide support to various soft tissues, additionally they also provide haematopoiesis in bone marrow. Continuous adaption by the major and microarchitechture of the bone occurs in response to varying functional demands. This process of adaptation is known as 'remodeling'. Bone modeling is a result of a balance between bone formation by osteoblasts and bone resorption by osteoclasts. It is a continuous process and at any given time approximately 5-25% of bone surface undergoes remodeling.\[[@ref1]\] As normal physiological bone remodeling is imperative for the maintenance of bone strength and integrity, any imbalance will either lead to increase or decrease bone mass. By restoring the microdamages, remodeling ensures the mechanical integrity of the skeletal system, as well as regulates the release of calcium and phosphorus from the bones into the blood.

Remodeling involves four main processes: activation, resorption, reversal and formation.\[[@ref2]\] It is initiated by the activation of the quiescent bone lining cells. Simultaneously the osteoclast precursor cells fuses to form mature osteoclasts. Osteoclasts initiate dissolution of calcified matrix with specific enzymes. As bone resorption subsides, osteoclasts disappear from resoption pits and mononuclear cells prepare the ground for new bone formation. Bone remodeling cycle ends with formation of bony canopy of these pits by the osteoblasts, keeping the material dormant until the next cycle.

BONE PHYSIOLOGY RELATED TO REMODELING {#sec1-2}
=====================================

Bone is composed of extracellular matrix (ECM) and cells. ECM can be further subdivided into inorganic and organic part. The organic matrix is mainly constituted of the type I collagen (approximately 95%) and inorganic part predominantly containing calcium and phosphorus, appearing as hydroxyapatite crystals deposited in collagenous matrix. The major cells in bone are osteoclasts (responsible for resorption) and osteoblasts (responsible for bone tissue deposition). Osteoblasts do convert into osteocytes and bone lining cells. Fully differentiated osteoblasts forming bone lining cells are probably responsible for initiation of remodeling by degrading the matrix. The other fully differentiated osteoblasts are called osteocytes, which acts as mechanosensors (by communicating to each other by means of their dendritic processes) in bone tissue, thus regulating bone mass and bone structure.\[[@ref3][@ref4]\]

Osteoblasts synthesize collagen rich organic matrix and provided optimal conditions for mineralization by secreting various bone matrix proteins and matrix metalloproteinases (MMP).\[[@ref5]\] Alkaline phosphatase, bone sialoprotein, osteocalcin and osteopontin expressed by mature osteoblasts while depositing matrix and its mineralization. Prominent golgi apparatus and endoplasmic retinaculum are universal features of osteoblasts primarily responsible for matrix and these are poor in osteocytes,\[[@ref6]\] the bone cells.

Osteoclasts are tissue specific and derived from monocytes / macrophage hematopoietic lineage and are the only cells capable of breaking down mineralized bone, including calcified cartilage.\[[@ref7][@ref8]\] Osteoclasts attached tightly to matrix through integrins. They create an isolated lacuna, known as Howship\'s Lacuna with an acidic environment. This acidic environment is produced by release of acid -- hydrolic acid formed by protons and chloride ions. This release occurs by the ruffled borders of osteoclasts formed by fusion of cytoplasmic acidophilic vacuoles. This results into resolution lacunae, responsible into rapid dissolution of hydroxyappetite crystals.\[[@ref9]\]

REGULATION OF BONE REMODELING {#sec1-3}
=============================

Osteoblasts, Chondrocytes, Adipocytes, Stromal cells, Myoblasts and Tenocytes, all originate from a common progenitor cell, the mesenchymal stem cell (MSC). The development of bone cells has been supported by cells of immune system; such as macrophages encourage osteoblastogenesis by secreting interlukin-18 and T cells influences osteoclastogenesis by secreting interlukin-1, interlukin-6, interferon- γ and interlukin-4. Core binding factor 1 and Osterix are crucial transcription factors for osteoblast differentiation with lineage commitment.\[[@ref10]\] It has been seen that core binding factor 1 deficient rats had only cartilaginous skeleton, indicating its importance in the development of osteoblasts development.\[[@ref11]\] There are evidences that apoptotic osteocytes increase secretion of osteoclastic cytokines, increasing bone resorption.\[[@ref12]\] The presence of Receptor Activator of Nuclear Factor kB Ligand (RANKL) and M-CSF (macrophage-colony -- stimulating factor) are essential for formation and fusion of multinucleated cells, expressing osteoclasts specific markers such as tartrate-resistant acid phosphatase (TRAP), Cathepsin K, Calcitonin receptor (CTR) and Integrin receptors.\[[@ref13][@ref14]\]

It has been observed that the osteoclast-inducing capacity of activated T cells was mediated through the RANKL / Receptor activator of nuclear factor Kappa -- B (RANK) / osteoprotegerin (OPG). RANKL is a key regulator of osteoclastogenesis and contributes significantly in bone remodeling.\[[@ref15]\]

Bone remodeling is under influence of various local and systemic factors. Various prostaglandins, leukotrienes and hormones interact with bone cells. It has been established that Prostaglandin (PG) E2 and leukotrienes are metabolites of arachidonic acid in osteoblasts and have stimulatory as well as inhibitory effects on bone. It has been demonstrated that osteoclastogenesis is inhibited primarily by reduction of IL-1 induced COX2 activities and PGE2 production and only marginally by suppression of RANKL.\[[@ref16][@ref17]\] Parathyroid regulates the productions of IL-6 and RANKL by osteoblasts, thus facilitating differentiation, multiplication and formation of osteoclasts. Thus PTH and PTHrP (PTH related proteins) perform bone resorption to increase the blood level of calcium ions.\[[@ref18]--[@ref20]\]

Activated vitamin D, Calcitriol (1,25 dihydroxyvitamin D3) is essential for mineralization of osteoid. But it has been seen that they alone in presence of hypocalcemia will not be so helpful. Experiments have shown that vitamin D deficient mice had high numbers with lower number of osteoblasts and with high levels of alkaline phosphatase, because of the low production of RANKL and increased production of OPG.\[[@ref21]\]

Sex hormones (oestrogen / progesterone / testosterone) do affects bone remodeling but their effects are apposite to PTH.\[[@ref22]\] Their deficiency causes increased number of osteoblast precursor cells and as well as osteoclasts precursors with increased production of RANKL and decreased production of OPG. Decreased sex hormones also enhances the production of proinflamatory and pro-resorptive cytokines in lymphocytes such as IL-1, IL-6 and tumor necrosis factor-α (TNF-α).\[[@ref23]\] It has been proved that the bone protective properties of estrogen is mediated by transforming growth factor-β (TGF-β), inducing apoptosis in osteoclasts.\[[@ref24]--[@ref26]\]

ROLE OF RANKL / OPG / RANK AXIS ON BONE REMODELING {#sec1-4}
==================================================

RANKL and its receptors RANK and Osteoprotegerin (OPG); all belongs to super TNF family. Their discovery has raised the possibility to inhibit the development of osteoclasts.\[[@ref27][@ref28]\] Osteoprotegerin (OPG) a protein is secreted by stromal cells has a variety of possible functions (bone protection, endothelial cell survival and vascular calcification) as it is expressed in lung, heart, kidney, liver, thyroid, spinal cord, brain, intestine and bone.\[[@ref29]--[@ref34]\] RANKL protein and its m RNA too expressed in a variety of tissues, including bone, heart, brain, kidney, liver, lung, intestine, skeletal muscles, placenta, spleen, thymus and testis.\[[@ref35]\] RANKL is mainly expressed in stromal cells / preosteoblasts as well as on activated T cells.\[[@ref31][@ref32]\] The human RANKL gene is located on chromosome 13q14 and encodes for three isoforms: RANKL1, RANKL2 and RANKL3. RANK deficiency represents the same phenotype as those with RANKL deficiency. However, nuclear factor of activated T cells c1 (NFATc1) is considered as master regulator of osteoclastogenesis.\[[@ref36]--[@ref40]\] Most important work of RANKL is the induction of osteoclastogenesis (bone remodeling).

ROLE OF CYTOKINES IN BONE REMODELLING {#sec1-5}
=====================================

It has been established that IL-1α, IL-1β, IL-6, IL-7 and TNF-α directly and indirectly promote osteoclastogenesis,\[[@ref41]--[@ref44]\] where as interferon-β (IFN-β), IFN-γ, IL-3, IL-4, IL-10, IL-13, IL-12 alone or in synergy with IL-18, inhibits osteoclasts formation.\[[@ref45]--[@ref51]\] Among the osteoclastogenesis-inhibiting cytokines, interferons have attracted significant attention and thus well studied. IFN-γ and IFN-β, produced by activated T-cells, strongly suppress osteoclastogenesis by inhibiting RANKL. INF-β is induced by RANLK, but acts as negative regulator of RANKL signaling. IL-6 is produced by stromal cells /osteoblasts.\[[@ref52]\] TGF- β, PTH, PTH related peptide (PTHrP), low density lipoprotein receptor related protein-5 (LRP-5) and osteopontein are known to promote osteoblats proliferation and differentiation.\[[@ref53]\] Bone morphogenic protein-6 (BMP-6) is most potent regulator of osteoblasts differentiation.\[[@ref54]\]

INFLUENCE OF LYMPHOCYTES ON REMODELLING {#sec1-6}
=======================================

Lymphocytes (T cells) influence bone remodeling through its regulation on osteoclatogenesis \[[Figure 1](#F1){ref-type="fig"}\]. Though the type and amount of impact of these lymphocytes on osteoclastogenesis varied from *in vitro* to *in vivo*, the same is true about the type of lymphocyte too. The data concerning the effect of CD4 and CD8 lymphocytes on osteoclastogenesis is not consistent. In one study,\[[@ref55]\] it was showed that vitamin D3 stimulated osteoclast like cell formation was increased in presence of lymphocyte depletion. It was postulated that it was due to more PGE2 production, leading to upregulated RANKL and downregulated OPG expression. Resting T cells exert no effect on osteoclastogenesis.\[[@ref55]\] In other studies, these resting T cells were found to exert a negative influence on osteoclastogenesis via production of granulocyte/monocyte colony stimulating factor (GM-CSF) and IFN-γ by CD-4 but not CD8 T cells.\[[@ref56]\] Some other researchers showed in an *in vitro* study that a downregulation effect of lymphocytes, which was due to the CD8 T cell subset, and independent of IL-4 and TGF-β. On the other side, activated T cell promotes osteoclastogenesis. It was concluded that the osteoclastogenic effect was CD4+- dependent.\[[@ref57]\]

![Cellular Regulation of Osteoclastogenesis](IJCIIS-2-75-g001){#F1}

In mice, it was found that T cells are not only one which was required for osteoclastogesis. Fibroblasts, the main source of RANKL are stimulated by the proinflammatory cytokines. It has also been seen that RANKL is also produced by T cells.\[[@ref57]\] As already described before, the RANKL regulates the differentiation of osteoclasts.

It has been established that the osteoblasts seem to have antigen-presenting properties, since these are shown to express MCHII molecules, besides the adhesions to CD54 and CD166, which could activate T cells.\[[@ref56]\] Osteoblasts can produce IL-6 upon encountering T cells and stimulation by IL-17.\[[@ref58]\] Osteoblasts play a crucial role in stem cell maintenance in bone marrow due to an intimate cell to cell contact via integrins.\[[@ref59]\]

IMMUNOLOGICAL RESPONSE TO BONE TRAUMA {#sec1-7}
=====================================

Fracture healing is a unique physiological process resulting into restoration of bone tissues. Growing evidence indicates that the immune cells and secreted factors are crucial for the physiological response following injury.\[[@ref59]--[@ref63]\] In a traumatic fracture, there is not only injury to bones, but the surrounding soft tissue damage also occurs, resulting into damage to local blood supply. Thus the fractured site and its surrounding develop hypoxia with nutrition deficiency.\[[@ref64]\] So, the fracture haematoma is not only characterized by local hypoxia, but also by low pH with high concentration of lactate. Thus the fracture initiated a local inflammatory response.\[[@ref65]\] Following this inflammatory response, the soluble factors interact with progenitor cells, located in the periosteum, endosteum, bone marrow and surrounding soft tissues.\[[@ref64]\]

In one of the study,\[[@ref66]\] it has been discussed that IL8 upregulation in fracture haematoma (FH) and surrounding haematoma (SH) indicates the same type of inflammatory reaction. The hypoxia-inducible factor (HIF) and its regulation play an important role for the functions of innate and adaptive immune cells. Investigations have proved that it is the initial inflammatory response of fracture, which is crucial for final clinical bone healing. HIF regulates this adaptation by switching the cellular energy metabolism from oxidative phosphorylation towards glycolysis. Hypoxia / HIF re-establishes the normal oxygen supply by promoting angiogenesis via VEGF and IL-8. Limited and reduced immune response with increasing age may explain the higher chances of delayed / nonunions in these patients.\[[@ref66]\]

The exact interplay of immune function and bone regeneration in early (inflammatory) phase is currently unclear.\[[@ref67]--[@ref70]\] Due to 1) bleeding (peripheral blood leaks through vessel damage into the gap) and 2) broken bone itself (bone marrow flows into the gap) various cells reach into the fracture haematoma.\[[@ref71]\] Innate immune cells and CD4+ T cells adapts well to the energy insufficiencies.\[[@ref72]\] Progress has been made in understanding the link between adaptive and innate immune system in bone, with emphasis on osteoclasts.\[[@ref73][@ref74]\] The function of the adaptive immune system in fracture healing is less understood. Effector cells of the adaptive immune system are lymphocytes. A role of lymphocytes in fracture healing has been suggested but has not been characterised in depth yet. It has already been shown that CD8+ cytotaxic T cells have a counter regulatory role in wound healing because depletion of CD8+ T lymphocytes has a positive influence on wound healing.\[[@ref75][@ref76]\] It has also been established that lack of B lymphocytes can lead to higher bone formation in mice.\[[@ref75]--[@ref77]\]

An experiment\[[@ref66]\] was conducted to study the response to hypoxia in fracture haematomain immunological patients. It was demonstrated that a higher mRNA expression of several genes from FH and SF cells than those in peripheral blood (e.g. osteogenic SSP1, IL8, CXCR4). It was also seen in the same study that there was decreased expression of the osteoblast differentiation transcription factor RUNX2 in FH and SH from immunologically compromised patients, but there was no difference in SSP1 expression. It was postulated that this fact could indicate that bone regeneration is induced in FH in immunologically compromised patients (but so not in SF). It had been documented that a higher inflammatory response (higher IL8 and CXCR4 expression) occured bone regeneration in immunologically restricted patients, but near normal angiogenesis (VEGF) occurs in these patients. It had been postulated that ongoing angiogenesis could be the one of the pathways in bone regeneration. Researchers concluded that there occurs a disturbed (higher and prolonged) inflammatory response with inadequate response to hypoxia (lower expression level of LDHA and PGK1 in fracture haematoma) with normal angiogenesis in immunologically disturbed patients, resulting into prolonged bone healing (delayed union) or nonunion.\[[@ref66]\]

In another experiment,\[[@ref78]\] the absence of mature lymphocytes was modeled in recombination activation gene 1 knockout mice to look further into the role of lymphocytes to fracture healing. It was postulated that fracture healing would be delayed in the absence of lymphocytes as effector cells of adaptive immune system. The underlying defect in these was loss of recombination activation gene, which encodes for a recombinase that is crucial for the 'somatic variable diverse joining' (VDJ) recombination in the development of B- and T- cell receptors. It was found that lack of lymphocytes led to accelerated bone regeneration in RAG-/- mice. It has also been reported that γ/δ T cells negatively influence fracture healing. It was suggested that probably B cells and not the T cells are predominant during immunoregulation of bone repair.\[[@ref78]\]

It has already been discussed that during bone formation, cytokines secreted by lymphocytes have paracrine effects on bone cell differentiation and function. T helper lymphocyte 1 (THs1) cells promote cellular immunity via secretion of cytokines such as TNF-α and LT-β in the callus.\[[@ref79]\] It has been conceived that lower levels of TNF-α favours osteogenesis as it acts as a proapoptotic factor on osteoblasts. But it has also been shown that TNF-α signaling impairs fracture healing.\[[@ref80][@ref81]\] The positive and negative effects of TNF-α depend upon its concentration. Activated natural killer cells of innate immune system produce IFN-γ in response to bone fracture and maintained its expression for a prolonged period. It causes macrophage activation, leading to tissue destruction.\[[@ref78]\]

Lymphopenic mice have displayed strinkingly higher expression of IL-10, which produced by either myeloid cells or regulatory T cells. IL-10 is a potent inhibitor of secretion of proinflammatory cytokines such as TNF-α, IL-1, IL-6 and T cell activation. Experiment had shown that during fracture healing, lymphocytes can negatively regulate the amount of IL-10 in callus. IL-10 knock out mice have osteopenic and fragile bones.\[[@ref82]--[@ref85]\]

The role of IL-2 has not yet been investigated in fracture healing. But in some experiments on mice, it has been seen that lack of IL-2 enhanced bone formation as IL-2 infusion leads to bone resorption.\[[@ref78]\]

The Th2 cytokine IL-4 is considered to exert anti-inflammatory function. It was discovered as a \'B cell growth factor'\[[@ref86]\] and inhibits monocyte production of IL-1, TNF-α and PGE2. IL-4 inhibits bone resorption and is a chemoattractant for osteoblasts, stimulating proliferation and inhibiting differentiation. During physiologic fracture healing, expression of IL-4 is unregulated.\[[@ref87]\]

An experiment\[[@ref88]\] demonstrated that cells in fracture haematoma adapts to hypoxic conditions, which leads to angiogenesis, chemotaxis and osteogenesis (upregulation of VEGF) and IL6.

Besides numerous other factors, fibroblast growth factor receptor (FGFR) signaling is involved in fracture healing and bone remodelling.\[[@ref88][@ref89]\] FGF23 is a phosphatonin produced by osteoblastic cells, which signals via FGFR1, thereby exerting effects in bone and kidney. A study analyzed if serum FGF23 levels might be an indicator to predict fracture healing and union. It was concluded that FGF23 was involved in bone healing, could be measured by a sensitive assay in peripheral blood, and was a promising candidate as an indicator for healing processes prone to reunion versus nonunion.\[[@ref90]\]

CONCLUSION {#sec1-8}
==========

In view of the intricate interrelationships between the immune and skeletal system it may be concluded that immunological effects on bone remodeling, including fracture healing can be divided into noxious or beneficial. In case of bone injury, host immune mechanism produces impact on physiological defense mechanism and reparative potential at the same time. Any immunomodulatory intervention strategy to improve bone remodeling including fracture healing could specifically target lymphocyte subsets or cytokines to eliminate any detrimental action and to preserve necessary physiological leverage. Though presently, the clinical implications of above observations are unclear, but we speculate facilitating these effects therapeutically may improve remodeling including fracture healing. It would be worth taking a close look at molecular mechanisms regulating osteoclastogenesis and their correlation with environmental factors affecting the remodeling process.
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